Metabolites present in human blood document individual physiological states influenced by genetic, epigenetic, and lifestyle factors. Using high-resolution liquid chromatography-mass spectrometry (LC-MS), we performed nontargeted, quantitative metabolomics analysis in blood of 15 young (29 ± 4 y of age) and 15 elderly (81 ± 7 y of age) individuals. Coefficients of variation (CV = SD/mean) were obtained for 126 blood metabolites of all 30 donors. Fiftyfive RBC-enriched metabolites, for which metabolomics studies have been scarce, are highlighted here. We found 14 blood compounds that show remarkable age-related increases or decreases; they include 1,5-anhydroglucitol, dimethyl-guanosine, acetyl-carnosine, carnosine, ophthalmic acid, UDP-acetyl-glucosamine, N-acetyl-arginine, N 6 -acetyl-lysine, pantothenate, citrulline, leucine, isoleucine, NAD + , and NADP + . Six of them are RBC-enriched, suggesting that RBC metabolomics is highly valuable for human aging research. Age differences are partly explained by a decrease in antioxidant production or increasing inefficiency of urea metabolism among the elderly. Pearson's coefficients demonstrated that some age-related compounds are correlated, suggesting that aging affects them concomitantly. Although our CV values are mostly consistent with those CVs previously published, we here report previously unidentified CVs of 51 blood compounds. Compounds having moderate to high CV values (0.4-2.5) are often modified. Compounds having low CV values, such as ATP and glutathione, may be related to various diseases because their concentrations are strictly controlled, and changes in them would compromise health. Thus, human blood is a rich source of information about individual metabolic differences. red blood cells | antioxidants | urea cycle | aging markers | CV value H uman blood metabolites have been well-investigated to determine their abundance and biological significance, and for their potential use as diagnostic markers. For medical diagnosis, noncellular metabolites from plasma or serum are mostly commonly used due to the simplicity in collecting and examining them. Although mature human red blood cells (RBCs) lack nuclei and cellular organelles (1), RBCs use glycolysis for ATP production, maintain redox homeostasis, and osmoregulate (2). Their active metabolism supports cellular homeostasis and ensures lifespans of ∼4 mo (3). Their metabolites may reflect health status or environmental stresses differently than do metabolites of plasma. Because RBCs occupy about half the total blood volume (∼5 L), their metabolite profiles, which have scarcely been investigated, seemed worthy of investigation.
Metabolites present in human blood document individual physiological states influenced by genetic, epigenetic, and lifestyle factors. Using high-resolution liquid chromatography-mass spectrometry (LC-MS), we performed nontargeted, quantitative metabolomics analysis in blood of 15 young (29 ± 4 y of age) and 15 elderly (81 ± 7 y of age) individuals. Coefficients of variation (CV = SD/mean) were obtained for 126 blood metabolites of all 30 donors. Fiftyfive RBC-enriched metabolites, for which metabolomics studies have been scarce, are highlighted here. We found 14 blood compounds that show remarkable age-related increases or decreases; they include 1,5-anhydroglucitol, dimethyl-guanosine, acetyl-carnosine, carnosine, ophthalmic acid, UDP-acetyl-glucosamine, N-acetyl-arginine, N 6 -acetyl-lysine, pantothenate, citrulline, leucine, isoleucine, NAD + , and NADP + . Six of them are RBC-enriched, suggesting that RBC metabolomics is highly valuable for human aging research. Age differences are partly explained by a decrease in antioxidant production or increasing inefficiency of urea metabolism among the elderly. Pearson's coefficients demonstrated that some age-related compounds are correlated, suggesting that aging affects them concomitantly. Although our CV values are mostly consistent with those CVs previously published, we here report previously unidentified CVs of 51 blood compounds. Compounds having moderate to high CV values (0.4-2.5) are often modified. Compounds having low CV values, such as ATP and glutathione, may be related to various diseases because their concentrations are strictly controlled, and changes in them would compromise health. Thus, human blood is a rich source of information about individual metabolic differences. red blood cells | antioxidants | urea cycle | aging markers | CV value H uman blood metabolites have been well-investigated to determine their abundance and biological significance, and for their potential use as diagnostic markers. For medical diagnosis, noncellular metabolites from plasma or serum are mostly commonly used due to the simplicity in collecting and examining them. Although mature human red blood cells (RBCs) lack nuclei and cellular organelles (1) , RBCs use glycolysis for ATP production, maintain redox homeostasis, and osmoregulate (2) . Their active metabolism supports cellular homeostasis and ensures lifespans of ∼4 mo (3) . Their metabolites may reflect health status or environmental stresses differently than do metabolites of plasma. Because RBCs occupy about half the total blood volume (∼5 L), their metabolite profiles, which have scarcely been investigated, seemed worthy of investigation.
Metabolomics is a branch of chemical biology that profiles metabolites in cells and organisms, using techniques such as liquid chromatography (LC)-mass spectrometry (MS). It usually deals with molecules <1.5 kDa and is an important tool for studying metabolic regulation in combination with other comprehensive analyses, such as proteomics and transcriptomics. Recently, we reported that, among 133 compounds identified in human blood, 101 are also found in the fission yeast, Schizosaccharomyces pombe (4), implying that many metabolites might be evolutionarily conserved. Quantitative measurements of an array of compounds among individuals offer profound insights into health or disease conditions and the effects of nutrition, drugs, and stress. Moreover, comprehensive information about individual variation in metabolites could impact the future of medical science (5) (6) (7) (8) (9) (10) (11) .
Although blood consists of noncellular (plasma or serum) and cellular components, most human blood metabolomics studies have focused on plasma or serum, for which large biobanks (curated collections of samples of plasma, urine, etc.) are now available (12) (13) (14) (15) (16) . These studies are useful to understand disease mechanisms and to identify diagnostic markers for diseases, such as diabetes (17) . Some genome-wide studies have also used metabolomics [reviewed in Kastenmüller et al. (18) ]. In contrast, few comprehensive metabolomics reports exist regarding RBCs [e.g., Nishino et al. (19) ] although RBCs constitute nearly half the blood volume. This situation is partly due to technical difficulties in stabilizing labile cellular metabolites (20) .
Here, we report blood metabolites of 30 individuals in a study having three distinct facets. First, we collected samples from RBCs, plasma, and whole blood for metabolomics analysis. Combining the present quantitative data with previous analysis of RBCs and white blood cells (WBCs) carefully separated from RBCs (4), we now
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Data deposition: Raw LC-MS data in the mzML format have been deposited in the MetaboLights repository, www.ebi.ac.uk/metabolights [accession nos. MTBLS263 (data from three injections of the same sample and three samples prepared from the same donated blood), MTBLS264 (blood samples drawn from four volunteers four times within 24 h), MTBLS265 (whole blood metabolomic data from all 30 subjects), MTBLS266 (plasma from all 30 subjects), and MTBLS267 (RBC data from all 30 subjects)]. have ample knowledge of metabolites enriched in RBCs. RBCenriched metabolites may reflect health status or environmental stresses differently than do metabolites of plasma.
Second, to quantify individual variation, we used a simple parameter, designated the coefficient of variation (CV), for each blood compound. The CV is the ratio of the SD of metabolite abundance (peak areas from LC-MS) divided by the mean. For stable and relatively invariant metabolites, SDs and CVs are low or negligible whereas CVs of variable metabolites may prove useful in the evaluation of metabolite variation among individuals. RBC and plasma metabolites from 30 volunteers were analyzed using LC-MS (4, 21) . Hepes and piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) were spiked into all blood samples as internal standards. CVs of any compounds significantly larger than those CVs of Hepes and PIPES were candidates to be analyzed for individual metabolite variation.
Third, comparisons of blood metabolomes between young and elderly volunteers were performed with emphasis on RBC metabolites that have seldom been considered as targets of age analysis. We were able to identify a total of 14 metabolites statistically relevant to aging. Three of them were previously reported, but 11 others hitherto have not been. We discuss our findings in regard to human aging.
Results
Many Metabolite Levels Are Constant on a Daily Basis. We first investigated diel variation of blood metabolites in four volunteers. Samples were taken after overnight fast without breakfast at 0900, 1000, 1300, and before lunch on the first day. Volunteers had lunches and dinners as usual on that day. On the second day after overnight fast, the blood was sampled again at 0900. During these short periods, the great majority of metabolites hardly fluctuated (117 from 126 metabolites varied less than 2.5-fold on average in four volunteers) (Fig. S1A ). ATP and ergothioneine hardly varied although individual ergothioneine levels were distinct. In contrast, four variable compounds fluctuated considerably over 24 h. Metabolites, such as glycochenodeoxycholate, tetradecanoyl-carnitine, 4-aminobenzoate, and caffeine, vary widely, depending upon daily consumption of food, drink, supplements, and medications (22) (23) (24) . Our results are consistent with those data previously reported. These daily variable compounds were found in both plasma and RBCs (4).
Determination of Individual CVs for Each Metabolite. We performed metabolomic analyses of blood samples donated by 30 volunteers. Data on compound enrichment in RBCs were consistent with our previous report (4) . The separation of RBCs from WBCs by Ficoll gradient centrifugation confirmed that metabolites and their levels were similar in RBCs and WBCs (4). Because WBCs make up only a small portion (<1%) of blood volume in healthy individuals, our current results should not be affected by WBC contamination.
Procedures for LC-MS analysis and for obtaining and validating CVs are detailed in SI Materials and Methods. Methods used to determine CVs are briefly described below. First, we tested the effect of sample handling on within-sample variation. To accomplish this task, the same blood sample was injected three times into the LC-MS. The within-sample CVs (designated as CV wi ) (Fig. S2A) were less than 0.1 in most cases. These exceptions seem to be labile during LC-MS.
Second, we examined sample-to-sample variation caused by sample preparation. For this purpose, three samples were independently prepared from the same blood sample, and CVs of compounds were determined (CV ss ) (Fig. S2B ). CV ss s of Hepes and PIPES (internal standards) in blood samples were very small (0.04∼0.08) because they are inert, nonreactive compounds. The great majority of blood compound CV ss s were less than 0.3 (Table  S1 ). CV ss s of 10 compounds were exceptional, exceeding 0.3. They either may be affected by sample preparation techniques or may react with other blood metabolites during sample preparation.
CVs for the entire experimental population of 30 persons were determined for each blood compound (CV 30 ) ( Fig. S2C and Table  S1 ). CV 30 s of blood metabolites from all 30 healthy volunteers (Table S2) were arranged into six different value ranges, with subcategories for compounds enriched in RBCs or present in whole blood (Fig. 1A) . Many RBC-enriched compounds, such as ATP, glutathione, and sugar-phosphate, are virtually absent in plasma, but many plasma compounds are also present in RBCs (4) .
Twenty-eight compounds having CV 30 s less than 0.30 constituted the least variable subset of 126 blood metabolites (Fig. 1B ). An additional 28 compounds had CV 30 values from 0.3 to 0.4 and belonged to the second least variable group. Butyrobetaine, a precursor of carnitine, was enriched in RBCs and belongs to this group (Fig. S1B) . The remaining 70 compounds showed CV 30 values from 0.4 to 2.5. We consider these compounds to be variable. Twenty-two compounds having CV 30 s from 0.4 to 0.5 were moderately variable. Glucose, 1,5-anhydroglucitol, CDP-choline, and glucosamine belong to this group. Creatinine, used for renal tests, belongs to the second group (CV 30 = 0.3-0.4). The 48 compounds with CV 30 > 0.5 are considered highly variable. They are often methylated or acetylated, or modified with bulky groups such as nucleotides or fatty acids. (Table S1 ) were reasonably consistent with the literature. CVs for the remaining 51 compounds were previously unidentified, so far as we know. Many of these 51 compounds (underlined in Fig. 1A and also listed in Table S3 ) are RBC-enriched.
We classified 126 compounds into 14 categories based on their molecular structures and functions (Table S1 ). CVs of 17 detectable standard amino acids and all 10 carnitines have been previously reported. Among 12 nucleosides, nucleobases, and their derivatives, only the CV for dimethyl-xanthine was previously unidentified. In contrast, all four nucleotide-sugar derivatives and most (8/9) sugar phosphate derivatives were likewise previously unidentified. Their novelty reflects the fact that these compounds are enriched in RBCs. For other categories, some CVs were new: methylated amino acids (8/13), nucleotides (7/11), vitamins and coenzymes (2/5), sugars and derivatives (3/6), organic acids (6/10), acetylated amino acids (5/7), other amino acid derivatives (4/16), choline derivatives (2/3), and antioxidants (1/3). Many of these metabolites are also RBC-enriched. It is curious that methylated amino acids are accumulated in RBCs.
Ergothioneine-Related, Glycolytic, and Methylated Compounds Are Correlated. It is interesting that levels of some functionally related blood metabolites were correlated. We first examined whether correlations exist between trimethyl-histidine, ergothioneine, and S-methyl-ergothioneine because they are structurally related and the former two compounds are linked in a biochemical pathway. Abundance of these compounds was very strongly, positively correlated (r 2 = 0.81∼0.92) ( Fig. 2A) . Second, potential correlations among RBC-enriched glucose-6-phosphate (G-6-P), fructose-6-phosphate (F-6-P), diphospho-glycerate (DG), and phosphoglycerate (PG) were examined (Fig. 2B) . Very strong correlations were found between G-6-P and F-6-P, between DG and PG, between F-6-P and DG, and between G-6-P and DG. These RBC compounds are components of the glycolytic pathway.
Third, correlations among methylated compounds dimethylarginine (DA), dimethyl-guanosine (DGU), 1-methyl-guanosine (1MG), and methyl-histidine (MH) were also evaluated. DA abundance was strongly and positively correlated with that of DGU, 1MG, and MH (Fig. 2C) . In addition, 1MG was also positively correlated to DGU and MH. These results suggest that the levels of some methylated compounds are linked to the same anabolic or catabolic pathways. Consistently, all these compounds are abundant in both RBCs and plasma. Metabolite variations among individuals were thus coordinated in terms of pathways such as for ergothioneine, glycolysis, and methylation. fundamental RBC functions. CVs of ATP (CV 30 = 0.17) and glutathione disulfide (CV 30 = 0.18) were low, and no significant difference was found between elderly and young subjects ( Fig. 3 A and B). ATP and glutathione are vital as an energy source and an antioxidant, respectively, so their concentrations in RBCs may be tightly regulated, with little age-specific variation. A similar A C B situation was seen for two sugar phosphates, diphosphoglycerate (CV 30 = 0.24) and glucose-6-phosphate (CV 30 = 0.29) (Fig. 3 C  and D) . It is likely that levels of these key metabolic compounds with small CVs, (ATP, NAD + , standard amino acids, and nucleotides) may be tightly regulated because they are essential to physiological homeostasis. In other words, small CV compounds might be good candidates for health check indices, provided that measurements are accurate.
Glyceraldehyde-3-phosphate (G-3-P), an essential glycolytic metabolite, may be an exception. It had a high CV 30 (Fig. S1B) . Levels of this compound varied considerably from individual to individual. It is an unstable compound (CV ss , 0.49), however, so the high CV 30 (0.99) has to be taken cautiously. The enzyme glyceraldehyde-3-phosphate dehydrogenase is known to be important in energy metabolism of cancer cells (70) .
Unreported Compounds with High CVs Are Often Modified, Implicating Lifestyle Differences and Dietary Habits. Ten blood metabolites, such as CDP-choline and phosphocreatine, which have not been reported previously, showed moderate 0.4∼0.5 CV 30 variation (Fig. 1A and Fig. S3 A and C) . Thirteen compounds showed still higher 0.5∼0.7 CV 30 (trimethyl-histidine CV 30 = 0.57) (Fig. 3E) . Nine of them are RBC-enriched, containing nucleotidesugar and trimethylated derivatives. Their CVs have not been reported previously in blood of healthy individuals. RBC-enriched UDP-glucuronate (CV 30 = 0.64) (Fig. S3B) is an intermediate between glucuronides and UDP-glucose (71) . UDP-acetyl-glucosamine (CV 30 = 0.64) (Fig. 3F) , a substrate for N-acetyl-glucosamine transferase, is a precursor for proteoglycan and glycolipid synthesis (72, 73) . Abundances of UDP-acetyl-glucosamine and UDP-glucuronate showed some differences between young and elderly subjects (P value, 0.0073 and 0.12, respectively; see Age-Related Compounds Revealed by CV Measurements).
Compounds showing higher CV 30 (0.7-2.5) constituted the most variable group (e.g., 4-guanidino-butanoate CV 30 2.05; trimethyl-tryptophan CV 30 1.67) (Fig. 3 G and H) . Nine of these compounds have not been reported previously. Four are methylated amino acids, three of which are trimethylated. Methylated amino acids were enriched in RBCs whereas acetylated amino acids were found in both plasma and RBCs. The reason for this distinction is unclear. Many of the most variable compounds found are modified amino acids, possibly appropriate as marker compounds related to lifestyle, especially dietary habits.
4-Aminobenzoate (also called PABA) data were curious. Its CV 30 was very high (2.18). Five people had high levels of PABA whereas, in all others, the level was low or barely detectable (Fig.  S3D) . PABA is a precursor for vitamin B9 in animals, and in plants (74) and bacteria (75) for folate, but PABA is not essential for humans. This very large variable abundance may reflect dietary or other unknown individual differences.
Age-Related Compounds Revealed by CV Measurements. Among 126 compounds analyzed, the great majority showed similar CV levels in young and old people. We found 14 compounds that differed significantly between the two age groups. For example, 1,5-anhydroglucitol (Fig. 4A ), known as a glycemic marker (76) strikingly lower levels in healthy elderly subjects compared with healthy youths (P = 0.00039). Note that none of 30 volunteers were diabetic patients (see the values of HbA1c and glucose in their blood test in Table S2 ). 1,5-Anhydroglucitol, a monosaccharide, is normally reabsorbed back into the blood via the kidneys, but this compound is competitive to glucose for reabsorption so that, in diabetic patients containing high glucose in blood, the abundance of 1,5-anhydroglucitol is low. A possible interpretation is that healthy elderly people may gradually lose the ability to reabsorb 1,5-anhydroglucitol, releasing it into urine, with a concomitant decrease in blood. Ophthalmic acid, a tripeptide analog of glutathione, showed impressive difference between the young and the elderly (much less in elderly blood; P value of 0.0087) (Fig. 4B) . Similarly, the levels of two oxidant scavengers, acetyl-carnosine (P = 0.0014) (Fig. 4C ) and carnosine (P = 0.0027) (Fig. 4D) , related dipeptides containing beta-alanine and histidine, were clearly less abundant in the elderly. The same holds true for two redox coenzymes enriched in RBCs, NAD + (P = 0.046) and NADP + (P = 0.022) (Fig. S4 A and B) , suggesting that the redox metabolism in elderly RBCs might be somewhat declined. Leucine and isoleucine, however, may play a distinct role for supporting skeletal muscle activity in the elderly (77) so that their decrease in elderly blood metabolites (P = 0.0017 and 0.012, respectively) ( Fig. S4 C and D) might suggest their decrease in blood due to aging. The level of UDP-acetyl-glucosamine that is probably also unrelated to antioxidants also decreased in elderly blood (P = 0.0073) (Fig. 3F ). Because this compound is important for growth and proliferation, its decline might also accelerate aging. In short, elderly blood may have reduced antioxidants, redox, and nutrients required for vigorous body activities.
On the other hand, levels of citrulline (P = 0.00089) (Fig. 4E ), pantothenate (P = 0.022) (Fig. 4F) , dimethyl-guanosine (P = 0.0081) (Fig. 4G) , N-acetyl-arginine (P = 0.0004) (Fig. 4H) , and N 6 -acetyl-lysine (P = 0.012) (Fig. S4E) were clearly more abundant in the blood of elderly subjects. Pantothenate is a precursor of CoA, an important coenzyme involved in the TCA cycle and beta-oxidation. Citrulline is the initial metabolite of the urea cycle. Dimethyl-guanosine is a urinary nucleoside, presenting high levels in plasma of uremic patients (56) . In patients deficient in arginase (the last enzyme of the urea cycle), N-acetyl-arginine concentrations are >4× higher than normal (78) . Therefore, increased citrulline and N-acetyl-arginine suggest an impaired urea cycle. A possible interpretation of these results is that the excretion of urea cycle metabolites into urine may be somewhat compromised in the elderly. Decreased blood 1,5-anhydroglucitol may also be linked to weakened renal function. Abundant pantothenate in elderly subjects suggests that CoA biosynthesis may be slightly impaired.
Correlations Among Age-Related Compounds. We found 12 pairs of 14 age-related compounds that showed relatively strong correlation coefficients (Pearson's r) (0.60-0.84) ( Table 1 and Fig. S5) . Interestingly, such combinations occurred within groups of compounds that either increased or decreased among the elderly. Citrulline content was strongly correlated with N-acetyl-lysine (0.84), and less so with N-acetyl-arginine (0.68) and dimethyl guanosine (0.64) ( Table 1) . Correlations also existed between N-acetyl-arginine and N-acetyl-lysine (0.63) and between N-acetylarginine and dimethyl-guanosine (0.61). These four compounds showed increased blood levels in the elderly. We then found correlations (0.6-0.83) among seven compounds that decreased in the elderly. Correlations between leucine and isoleucine (0.83) and between carnosine and acetyl-carnosine (0.73) were strong, suggesting that these compounds are correlated because of their close functional relationships. Other closely correlated combinations included carnosine and NADP + , and leucine and acetyl carnosine (Table 1 and Fig. S5 ). These results are consistent with a notion that abundances of two distinct groups of age-related compounds (decrease or increase in the elderly) are internally correlated, but no correlation exists between the groups. For example, elderly volunteers who have abundant leucine would have also high isoleucine in a high probability whereas those elderly who have abundant citrulline would have high N 6 -acetyl-lysine also in a high probability. However, there is no correlation for leucine and citrulline abundances among individuals.
Discussion
Metabolomics of RBCs. In this study, untargeted metabolomics of human blood by LC-MS (4) was performed to evaluate individual variation among healthy subjects, using the coefficient of variation (CV). Our technique, including rapid quenching of samples, whole blood analysis without centrifugation, and use of a hydrophilic interaction liquid chromatography (HILIC) column, partly explains why we succeeded in identifying hitherto unreported CVs for many metabolites. We emphasized the importance of RBC metabolomics. This significance is not simply due to the scarcity of such studies, but because RBCs serve such a crucial function. For example, abundant antioxidants in blood, such as glutathione, are exclusively enriched in RBCs over 1,000× . In addition, we show that ophthalmic acid and carnosine, both related to antioxidants, are RBC-enriched and that their abundance seems age-dependent. RBCs thus seem to play the central role in antioxidation in blood. Many cellular compounds, such as sugar phosphates, nucleotides, and nucleotide-sugar derivatives for energy production, are enriched in RBCs. Because half the blood volume is occupied by RBCs, RBC metabolomics may be as important as that of plasma to understand the diverse functions of human blood.
Blood Metabolites with High CVs as Personal Markers. We identified 48 metabolites showing moderate to very high CV 30 s (0.5∼2.3). To our knowledge, CVs of 22 of these compounds have not been previously reported. For the most part, these compounds do not fluctuate on a diel basis; thus, we suppose that individual variability may reflect (epi)genetic differences or chronic states. To fully explore their potential as personal markers, further investigation of the physiological roles of these compounds is required. Compounds with low CVs may support physiological homeostasis in vivo. Indeed, anomalous glutathione levels are reported in many diseases, such as Parkinson's disease, HIV, liver disease, and cystic fibrosis, as well as aging. A number of diseases are reportedly relevant to degradation pathways for leucine, valine, and isoleucine. Thus, low CV compounds might be good candidates as health markers.
Increases of Certain Age-Related Compounds in Blood of the Elderly.
Our metabolomic comparisons of human blood, including RBCs, between young and elderly subjects revealed 14 age-related The first five pairs of compounds show higher levels in the elderly whereas the other seven pairs of compounds are more abundant in young persons (Fig. S5) .
compounds. Six of them are RBC-enriched. Our results regarding CV 30 for three of the 14 compounds (1,5-anhydroglucitol, pantothenate, and citrulline) are confirmatory to the previous study: 1,5-Anhydroglucitol is higher in young people (57) whereas pantothenate and citrulline are more abundant in healthy elderly persons (14, 79) . The design of our approach might help us to identify these novel aspects with statistical significance, even though the population for the study was not large (n = 30). Exclusion of middleaged people (40∼70 y old) from the study gave us clearer agedifference between two groups. Samples were also collectively analyzed at one time for accurate measurement.
Eight of the remaining previously unidentified age-related 11 compounds are lower in elderly subjects. Our results suggest that the blood of elderly subjects shows reduced levels of some compounds related to antioxidants (ophthalmic acid, carnosine, etc.) and redox metabolites (NAD + , NADP + ), as well as compounds that support muscle maintenance and reinforcement (leucine, isoleucine).
In contrast, three plasma-enriched compounds (N-acetyl-arginine, dimethyl-guanosine, and N 6 -acetyl-lysine) increase in the elderly. N-acetyl-arginine and citrulline, the by-products of the urea cycle, might increase due to impaired efficiency of this cycle. Indeed, deficiencies of urea cycle enzymes are known to cause the accumulations of these compounds (78, 80) . Dimethyl-guanosine is known to increase in the plasma of uremic patients (56) . These results suggest that gradual, progressive decay of liver or renal function may be typical among elderly people generally, resulting in a gradual rise in these blood metabolites.
Certain Compounds Supporting Vigorous Activity Decline in the Elderly. It is also noteworthy that several age-related compounds, including carnosine, are identified in RBC analysis. Carnosine (beta-alanyl-L-histidine), a possible scavenger of oxidants, is highly concentrated in muscle and brain (81) . Our data demonstrate that carnosine is a highly variable metabolite enriched in RBCs. These findings allow us to reconsider the physiological role of RBCs in blood. RBCs may also serve to transport carnosine and other metabolites to distant tissues. Consistently acetyl-carnosine, which is resistant to degradation (82) , is plasma-enriched. The RBC/ plasma ratios among 30 subjects are 10.8 (carnosine) and 0.13 (acetyl-carnosine). Carnosine is clearly RBC-enriched whereas acetyl-carnosine is clearly a plasma compound. Our study demonstrated that both compounds decline in the elderly. Further study to elucidate the role of carnosine in RBCs is of considerable interest.
Antioxidants, and Compounds Related to Energy and Cellular
Maintenance in Blood. Compounds required for vigorous activity during youth may decline in the elderly. Ophthalmic acid is related to glutathione, and both are generated by the same biosynthetic enzymes. Therefore, ophthalmic acid is thought to be related to antioxidants; it also decreases in the elderly. The level of UDPacetyl-glucosamine was twofold higher in young subjects than in elderly subjects. This compound is required for cell signaling during proteoglycan and glycolipid synthesis and for the formation of nuclear pores (83) . These functions are compatible with the hypothesis that synthesis of antioxidants and cellular maintenance compounds declines with age. Consistently, leucine, isoleucine, NAD + , and NADP + are more abundant in youth. These data may suggest that these compounds are more vigorously consumed in the body, particularly in muscle, when physical activity is higher (84, 85) . It is unclear whether lower levels of these compounds result in diminished muscle and possibly brain activity, or whether they reflect reduced activity. Scavengers of oxidants may be required to restore energy-related biochemical reactions in RBCs (86) .
Future Prospects of Human Metabolomics. It is noteworthy that 11 of these 14 age-related compounds (except for 1,5-anhydroglucitol, carnosine, and acetyl-carnosine) are also present in fission yeast. In the near future, genetics of these compounds in fission yeast and other organisms may be helpful to dissect their physiological and cytological significance. If so, the present analysis of RBCs, plasma, and whole blood will support the development of human metabolomics
Materials and Methods
Ethics Statement. Written, informed consent was obtained from all donors, in accordance with the Declaration of Helsinki. All experiments were performed in compliance with relevant Japanese laws and institutional guidelines. All protocols were approved by the Ethical Committee on Human Research of Kyoto University Hospital and by the Human Subjects Research Review Committee of the Okinawa Institute of Science and Technology Graduate University (OIST).
Human Subject Characteristics and Blood Metabolomics Analysis. Thirty healthy male and female volunteers participated in this study (Table S2) . Metabolomic samples were prepared as reported previously (4) . Detailed procedures of LC-MS measurements and determination of CVs for each metabolite can be found in SI Materials and Methods.
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